INTRODUCTION
============

Reverse transcriptase (RT) has been widely used for the construction of cDNA libraries since its discovery ([@gks1128-B1],[@gks1128-B2]) and has been subsequently used for gene expression studies. One intrinsic property of RT is that once it has reached the 5′ end of a RNA molecule, the 7-methylguanosine at the cap site is reverse transcribed to cytosine residues ([@gks1128-B3]). This activity at the cap site has also been previously demonstrated on RNAs with an artificial adenosine cap, which was reverse-transcribed to thymidine ([@gks1128-B4]). In addition to this mechanism, RT also exhibits terminal transferase activity that allows the addition of non-templated nucleotides (predominantly cytidines) once it reaches the 5′ end of a RNA molecule, especially in the presence of manganese ([@gks1128-B5]). Combined, these two mechanisms form a cytosine overhang at the 3′ end of the cDNA after reverse transcription and serves as a useful marker for the 5′ site of the RNA. These properties have been taken advantage of in the construction of full-length cDNA libraries ([@gks1128-B6]). More specifically, the library construction method uses oligonucleotides incorporating a stretch of consecutive ribo-guanosine nucleotides, r(G)~3~, at the 3′ end of the first strand cDNA that allows for the hybridization of the oligonucleotide with the cytosine overhang. Once hybridized, the RT then switches templates and starts polymerizing the oligonucleotide, thereby incorporating the oligonucleotide sequence with the cDNA sequence. This process is known as the template-switching (TS) mechanism.

Following original cDNA cloning protocols ([@gks1128-B6],[@gks1128-B7]), several high-throughput transcriptome analyses protocols have incorporated the TS mechanism ([@gks1128-B8; @gks1128-B9; @gks1128-B10; @gks1128-B11; @gks1128-B12]). The TS oligonucleotide used for the hybridization to the cytosine overhang is further used for incorporating priming sites for downstream steps in the respective protocols. Furthermore, in the experiments conducted by Plessy *et al.* ([@gks1128-B9]) and Islam *et al.* ([@gks1128-B10]), the TS oligonucleotide was used to incorporate DNA barcode sequences (also known as DNA indexes) into its cDNA libraries, allowing for pooled or multiplexed reactions. By including a set of known sequences (i.e. barcodes) directly upstream of the r(G)~3~ in the TS oligonucleotide, these sequences become identifiers for different samples. The pooling of several samples into a single sequencing reaction is a common strategy towards minimizing costs and labor ([@gks1128-B13]) and increases the data throughput.

Given the constant increase of number of reads per sequencer run, techniques for multiplexing libraries are flourishing. For example, the current protocol of the HiSeq 2000 sequencer can produce up to 3 billion single reads that pass filtering on a single flow cell run (<http://www.illumina.com/systems/hiseq_systems/hiseq_2000_1000/performance_specifications.ilmn>). Methods that measure transcript expression levels by their 5′-end such as STRT ([@gks1128-B14]), CAGE ([@gks1128-B15]) or nanoCAGE ([@gks1128-B16]) have a reduced complexity compared with RNA-Seq, and therefore take a particular advantage of multiplexing. In addition to TS, there are ligation- and polymerase chain reaction (PCR)-based methods that have been used for introducing barcodes into samples for multiplexed experiments. In single-read libraries using restriction enzymes to cleave sequence tags, the barcode is often added by ligation at the 5′ or 3′ end of the construct, like for CAGE ([@gks1128-B15]), the cleaved version of nanoCAGE ([@gks1128-B9]), SAGE protocols such as HT-SuperSAGE ([@gks1128-B17]) or small RNA libraries ([@gks1128-B18]). However, studies have demonstrated that ligation-based methods are heavily biased due to RNA ligases having sequence-specific biases ([@gks1128-B19],[@gks1128-B20]). One strategy used for dealing with ligation-based biases has been to standardize the sequence at the end of the RNA adaptor that will be ligated ([@gks1128-B18]). Another proposed strategy was to use a pool of RNA adaptors ([@gks1128-B20]); however, Alon *et al.* ([@gks1128-B19]) have further suggested that barcodes should be introduced via PCR-based methods, such as Illumina's industry standard known as TruSeq. TruSeq uses 6-nt barcodes, which are detected as a separate step after sequencing the forward read or its mate pair. Read indexes are primed with a separate oligonucleotide, which gives a lot of flexibility in their placement in the 5′ and 3′ linkers. The designers of TruSeq protocols took this opportunity to place the index far from the reaction sites, usually in the tail of the primers. However, the indexes are introduced at a late step in the reaction, as there are no universal primers that would amplify the libraries and keep the indexes at the same time. As a consequence, it does not allow the pooling of the samples at early preparation steps, and for this reason, strategies where barcodes can be introduced as early as possible, such as via TS or ligation-based methods, are still preferred in situations that strongly benefit in terms of cost or logistics from early pooling. The question of which multiplexing approach to take is highly dependent on the nature of the research. For example, in a study by Kivioja *et al.* ([@gks1128-B21]), they describe a method for introducing unique molecular identifiers via TS for quantifying transcript numbers. These identifiers are random bases in the TS oligonucleotides and function like random barcodes that index RNAs molecules instead of indexing samples. Double-stranded ligation and PCR are ruled out as alternatives for introducing indexes. In the case of ligation, it would be too difficult to produce the double-stranded adaptors because random sequences will not be reverse complementary. Indexing via PCR would be too late, as the purpose of these identifiers is to detect PCR duplicates. Lastly, Kivioja *et al.*([@gks1128-B21]) have envisioned that unique molecular identifiers can be combined with sample barcodes.

One of the main advantages of using TS is the lack of purification and adaptor ligation steps, which eliminates ligation-introduced biases and also minimizes the loss of material. This has made TS highly suitable in studies working with a limited amount of RNA ([@gks1128-B9],[@gks1128-B10],[@gks1128-B12],[@gks1128-B22],[@gks1128-B23]). Although TS is an inherent property of RTs, and is therefore only implemented in transcriptome studies, we may see an increase in the use of TS due to the growing interest in single cell transcriptomics ([@gks1128-B24]). There are, however, intrinsic problems associated with the TS mechanism, such as the concatenation of TS oligonucleotides due to cycles of terminal transferase activity and TS oligonucleotide hybridization ([@gks1128-B25]). Another issue that we address here is the interruption of first strand synthesis via strand invasion. Although TS is most efficient when RT has reached the end of the RNA template, the TS oligonucleotide may hybridize to the first strand cDNA due to sequence complementarity before the RT has finished polymerizing. This creates first strand cDNAs that are artificially shorter than the RNA due to the incomplete reverse transcription process. Furthermore, although this is usually a systematic bias, this becomes more problematic in protocols using varied TS oligonucleotides for barcoding purposes, as the strand invasion process is dependent on the oligonucleotide sequence. We study in detail the artifacts and biases created by strand invasion in a protocol using the TS mechanism and demonstrate how it is possible to remove such artifacts *in silico*. Lastly, we propose possible experimental strategies that may help reduce such artifacts and biases in protocols that use TS, and demonstrate it with the nanoCAGE protocol.

MATERIALS AND METHODS
=====================

NanoCAGE libraries were prepared from total RNA isolated from human whole blood samples (200 ng per sample) and rat whole body RNA (500 ng per sample) according to a previously published protocol ([@gks1128-B16]), and sequenced using the Illumina GAIIx instrument on five (four for blood samples and one for rat samples) sequencing lanes. These quantities of starting material are well above the recommended quantity of 50 ng, and we therefore expected that the difference would not cause one set of samples to underperform compared with the other set. Blood samples were collected in PAXgene blood RNA tubes (PreAnalytix) following manufacturer's instructions from seven donors (four male and three females) of the same ethnicity with an average age of 67 years and a standard deviation of 6.6 years and were labeled as 14--20P. Blood samples were collected following a fasting period and at the same hour of the day to help reduce variability. The rat whole body RNA were a generous donation from Dr. Alistair Forrest and are commercially available from BioChain (<http://www.biocat.com/products/R4434567-1-BC>).

We processed all five lanes of sequencing from the nanoCAGE libraries as follows. Using the FASTX-Toolkit (<http://hannonlab.cshl.edu/fastx_toolkit/>), we extracted raw tags and distributed them into their respective samples based on their barcode sequence. Raw reads that did not match a barcode sequence were discarded mainly owing to poor or ambiguous base was calling. Barcode sequences (and the common spacer sequence in the rat libraries) and the leading guanosines were trimmed off from the sequenced read. Next, we filtered out artifactual reads using TagDust ([@gks1128-B26]), a program that filters out reads resembling the primer, linker and adaptor sequences used during library construction, using a false discovery rate of 0.01. Lastly, reads mapping to the ribosomal sequences U13369.1, NR_003285.2, NR_003286.2 and NR_003287.2 with ≤2 mismatches were considered to be ribosomal sequences and removed ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). After all pre-processing stages, reads were mapped to the hg19 or rn4 genome depending on the sample using BWA ([@gks1128-B27]) with a mismatch threshold of 2. Using SAMTools ([@gks1128-B28]), we selected reads with a mapping quality (MAPQ) of 10 (90% accuracy) or better.

Identifying barcode-biased tags in the whole blood libraries
------------------------------------------------------------

For the 21 human whole blood libraries, we used 14 barcodes, consisting of 12 unique barcode sequences (ACATAC, AGTACG, ATCACG, CACGAT, CGATAC, GAGACG, GCTATA, GCTCAG, GTAGTG, GTATAC, TATGTG and TCGACG) where the mean Hamming distance between all pairwise barcodes is 4.32. For each sample, three libraries were made using two barcodes, i.e. one technical replicate was made with one barcode sequence, and the other two technical replicates made with the other barcode sequence ([Table 1](#gks1128-T1){ref-type="table"}). Table 1.A summary of the biological and technical replicates used in this study, along with the barcodes and the number of reads that were mapped at a MAPQ of ≥10SamplesTechnical replicateBarcodesNumber of reads mapping at q10Human 14P1GCTATA5979092CACGAT7119363CACGAT960204 15P1GTAGTG4459012CGATAC5923363CGATAC674823 16P1TATGTG10409352GAGACG11634163GAGACG756476 17P1ACATAC7220232GCTCAG5386603GCTCAG695706 18P1ATCACG6851462GTATAC8890143GTATAC884897 19P1CACGAT3710692TCGACG6631863TCGACG420775 20P1CGATAC7419082AGTACG11958163AGTACG1431334Rat1ACAGAT9274292ATCGTG8496093CACGAT7935984CACTGA8101555CTGACG8630296GAGTGA8953207GTATAC10052218TCGAGC823343

Next, using a present/absent criterion, we identified reads among technical replicates that were only present when using one barcode and absent when the other barcode is used. We used a threshold of ≥21 raw reads for our present criteria ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). Marioni *et al.* ([@gks1128-B29]) reported that if technical replicates are sequenced, the read counts for a particular feature should vary according to the Poisson distribution. Thus, it is unlikely that our selected reads are a consequence of natural variation but rather are attained by the use of a different barcode sequence. Sequence logos ([@gks1128-B30]) were created by extracting the nine nucleotides upstream of these mapped reads, and the sequence enrichment was calculated using unique upstream sequences.

Filtering strand invasion artifacts
-----------------------------------

From our selection of barcode-biased reads, we observed that the upstream region of these reads showed sequence complementary to the tail of the TS oligonucleotide ([Figure 2](#gks1128-F2){ref-type="fig"}), which is a consequence of strand invasion. This served as a marker for strand invasion artifacts, which was subsequently used as our strategy for their removal. Thus, once reads were mapped to a reference, the nine nucleotides immediately upstream were extracted, and using a global alignment approach ([@gks1128-B31]), they were aligned to the last nine nucleotides of the TS oligonucleotide used for construction of that particular library. The edit distance was used as a metric for the alignment, and a single mismatch or gap constituted an edit distance of one. A perfect alignment would thus have zero edits. We observed the enrichment of at least two guanosine nucleotides directly upstream of where a strand invasion artifact mapped. Thus, we imposed this criterion to our filtering strategy; reads were only considered to be artifacts if two of the three nucleotides directly upstream were guanosines. Lastly, as an indication of the edit distance threshold to use for data filtering, we filtered libraries using edit distances of zero to five and measured the Spearman's rank correlation coefficient between technical replicated libraries at each threshold. The filtering strategy was implemented using Perl, and an executable version of the script is available as [supplementary data](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1).

Specificity and sensitivity
---------------------------

The specificity of a method relates to the ability of identifying negative results, assessed by the number of false positives. We created a negative set, i.e. putatively non-biased reads, by selecting for the least variable reads among technical triplicates. We first normalized reads by tags per million, and selected the top 20% of least variable reads among replicates. In contrast, the sensitivity refers to the ability of identifying positive results, assessed by the number of true positives. We created a positive set, i.e. strand invasion artifacts, in the same manner that we identified barcode-biased tags described above. With our negative and positive sets, we then applied our barcode filtering scheme described above with an edit distance of four. The specificity was calculated as the 'number of true negatives/(number of true negatives + number of false positives)', and the sensitivity was calculated as the 'number of true positives/(number of true positives + number of false negatives)'.

Differential expression analysis
--------------------------------

For the comparison of different libraries, we used a previously developed read/tag clustering method ([@gks1128-B32]), as opposed to comparing individual reads. The clustering method aggregates reads that are mapped within a window of 20 nucleotides into single entity clusters; the expression of the cluster is the summation of all tags within the cluster. We conducted our differential expression analyses on tag clusters present among technical replicates using the edgeR_2.4.1 package ([@gks1128-B33]) on R version 2.14.1. Within a technical triplicate set, technical replicates made with one barcode were tested against technical replicates made with the other barcode. For the comparison of the rat libraries, we arbitrarily tested the libraries made with the ACAGAT, ATCGTG, CACGAT and CACTGA barcodes against the libraries made with the CTGACG, GAGTGA, GTATAC and TCGAGC barcodes. We used an independent filtering criterion ([@gks1128-B34]), selecting for tag clusters with ≥10 raw reads. The standard edgeR pipeline was carried out using a common dispersion approach (and tag-wise dispersion for the rat libraries) and the Benjamini and Hochberg's ([@gks1128-B35]) approach for controlling the false discovery rate. Tag clusters with an adjusted *P*-value of ≤0.01 were defined as differentially expressed.

RNA-Seq data sets
-----------------

We processed two independently produced RNA-Seq data sets, made using two different protocols ([@gks1128-B10],[@gks1128-B36]). Briefly, Islam *et al.* analysed the single cell transcriptomes of mouse embryonic fibroblasts and embryonic stem cells. The Islam *et al.* RNA-Seq libraries, which was made using TS and in a manner very similar to nanoCAGE, was downloaded directly from the author's website and was processed in the same manner as our nanoCAGE libraries owing to the similarity between the protocols. Briefly, Guttman *et al.* produced RNA-Seq libraries from mouse embryonic stem cells, neuronal precursor cells and lung fibroblasts by mRNA fragmentation and random-primed reverse transcription. The Guttman *et al.* data set was downloaded from the DNA Data Bank of Japan under the accession number SRP002325, and the sequenced reads were mapped using TopHat ([@gks1128-B37]) on the default settings. After all pre-processing steps, we compared the derived transcript structures between the fibroblasts libraries made by Islam *et al.* and by Guttman *et al.* In addition, we also compared different fibroblast libraries made with different barcodes in the Islam *et al.* data set.

RESULTS
=======

Barcode specific reads in nanoCAGE libraries
--------------------------------------------

Total RNA, isolated from whole blood samples derived from seven donors, was used to prepare 21 separate nanoCAGE libraries where each sample was made in triplicate ([Table 1](#gks1128-T1){ref-type="table"}). Furthermore, libraries were prepared together to help limit batch effects. To study the effect of using different TS oligonucleotides and thus the barcode sequence, we prepared the same sample identically except for the TS oligonucleotides used; two barcodes were used per technical triplicate. As there are an odd number of replicates, two of the three replicates were prepared with one barcode and the remaining replicate prepared with the other barcode. NanoCAGE libraries were prepared following a previously published protocol ([@gks1128-B16]). The 21 nanoCAGE libraries were then sequenced in multiplex using Illumina\'s GAIIx instrument on four sequencing lanes.

Sequenced reads in the nanoCAGE protocol represent the site at which TS occurred ([Figure 1](#gks1128-F1){ref-type="fig"}), which represents the 5′ end of a RNA molecule and thus the putative transcriptional starting site (TSS) ([@gks1128-B9]). Hence, to identify artifacts, we could compare nanoCAGE reads that do not map to known promoters of transcripts, although these could represent previously uncharacterized transcripts. A more definitive approach not requiring transcript annotations is to search for intra sample differences, i.e. reads present only in one set of barcoded technical replicates. To correctly identify the corresponding transcript for a sequenced read, we selectively analysed 16 281 067 reads that could be mapped to the genome with 90% confidence (MAPQ of ≥10) ([@gks1128-B27]). Finally, from this set, we identified 132 980 barcode specific reads, i.e. reads present only in one set of technical replicates using a particular barcode and not the other, where the variance is unlikely due to Poisson noise (see 'Materials and Methods' section). Figure 1.(**A**) The TS mechanism is used for first strand cDNA synthesis. First, an oligonucleotide hybridizes to the RNA molecule, and RT starts polymerizing. Once the RT reaches the 5′ end of the RNA, a cytosine overhang is formed. The TS oligonucleotide containing three riboguanosines hybridizes to the cytosine overhang and the RT switches template and polymerizes the TS oligonucleotide. (**B**) However, during RT synthesis, if the polymerized region has sequence complementary with the 3′ tail of the TS oligonucleotide, it may invade and hybridize with the first strand cDNA. RT then switches template and polymerizes the TS oligonucleotide. However, this strand invasion process has resulted in a cDNA that is shorter than the RNA. (**C**) With the nanoCAGE protocol, sequencing begins just upstream of the site of TS, which includes the barcode and the riboguanosine linker sequence. The barcode and linker sequences are trimmed off during processing steps, and the final read sequence is indicated by the black arrow.

From our barcode specific nanoCAGE reads, we analysed the region directly surrounding the reads. Interestingly, the upstream sequence of these barcode biased reads revealed an enrichment of nucleotides that resembled the 3′ end of the TS oligonucleotide used for that library ([Figure 2](#gks1128-F2){ref-type="fig"}). The sequence logos illustrate an enrichment of guanosines at positions −1 to −3, which corresponds to the r(G)~3~ tail of the TS oligonucleotide, whereby positions −4 to −9 show a varied enrichment of nucleotides that resemble the barcode used to produce the library, especially positions −4 to −6 ([Figure 2](#gks1128-F2){ref-type="fig"}). These results suggest the hybridization of the TS oligonucleotide to a complementary region on the first strand cDNA, i.e. strand invasion, and thus produces TS artifacts in a barcode dependent manner ([Figure 1](#gks1128-F1){ref-type="fig"}B). Although the r(G)~3~ tail of the TS oligonucleotide preferentially binds to the cytosine overhang created by the RT ([@gks1128-B9]), the increase in sequence complementarity in the 3′ tail of the TS oligonucleotide may increase the hybridization of the TS oligonucleotide to the first strand cDNA ([Figure 1](#gks1128-F1){ref-type="fig"}B). Figure 2.By preparing technical triplicates with different barcodes, we could identify reads present in a barcode specific manner, i.e. barcode-biased reads. The sequence logos were created using the sequence directly upstream of individually mapped barcode biased reads. The barcode sequence used to prepare each library and the three riboguanosines of the TS oligonucleotide are shown directly below the corresponding sequence logos. The enrichment profiles closely resemble the tailing sequence of the TS oligonucleotide used to construct that particular library.

Filtering out strand invasion artifacts
---------------------------------------

Artifactual reads need to be removed before they are used for further downstream analyses ([@gks1128-B26]). The TS mechanism is expected to occur at the cytosine overhang created by the RT ([Figure 1](#gks1128-F1){ref-type="fig"}A); thus, the sequence immediately upstream of a nanoCAGE tag should exhibit sequence complementarity only on a random basis, although this is largely dependent on the makeup of the genome. Under these assumptions, we devised a strategy for removing strand invasion artifacts by aligning the sequence immediately upstream of reads to the 3′ tail of the TS oligonucleotide. We chose to align the nine nucleotides directly upstream of a read ([Figure 1](#gks1128-F1){ref-type="fig"}C) to the last nine nucleotides of the TS oligonucleotide owing to the enrichment profiles previously observed ([Figure 2](#gks1128-F2){ref-type="fig"}).

Next, we analysed a range of sequence complementarity scores to determine the optimal threshold for classifying reads as artifacts. First, we carried out a global alignment ([@gks1128-B31]) between the sequence upstream of a read and the TS oligonucleotide tail for all libraries. We directly used the edit distance of an alignment as a measurement of the sequence complementarity, where gaps and mismatches were individually constituted as one edit; a perfect alignment would thus have zero edits. In addition, we only classified reads as artifacts if two or more of the three nucleotides directly upstream were composed mainly of guanosines (see 'Materials and Methods' section). Lastly, we filtered out reads on a range of edit distances, from zero to five, and found that by removing such noise, we had technical replicates that correlated better with each other ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)).

### Effects of artifact filtering on library correlation

A common metric used to determine library similarity is by correlation. We assessed the correlation of technical replicates after our filtering strategy at various thresholds. Given the nature of CAGE reads and promoters, we first clustered reads into what are known as 'tag clusters' ([@gks1128-B32]), enabling us to measure the correlation of libraries. Tag clusters are representative of putative promoter regions whereby the number of reads mapping to these regions represents the level of expression (see 'Materials and Methods' section). We calculated the Spearman's rank correlation coefficient between all technical replicates, given the skewed expression rate of blood transcripts, i.e. the distribution of transcript expression is not linear; so we used a non-parametric measure of correlation. The distribution of transcripts in blood is largely skewed by the presence of globin transcripts, which resulted in the under sequencing of other transcripts. This under sampling resulted in an increase of noise, especially for transcripts that are lowly expressed, and subsequently lower correlations between replicates. The removal of globin transcripts would not significantly affect the Spearman's rank correlation coefficient owing to the way the correlation is calculated. For technical replicates made with different barcodes, we observed a general increase in correlation between the libraries as we relaxed the similarity threshold, i.e. increasing the edit distance ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). The increase in correlation was the direct consequence of removing library specific reads, i.e. TS artifacts. The opposite effect, a decrease in correlation after read filtering, was observed when comparing technical replicates with the same barcode ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). The correlation of technical replicates was inflated owing to TS artifacts, and the removal of these reads decreased the correlation. For the comparison of libraries with different barcodes, the majority of correlations increased until an edit distance of four. This was due to the decrease in stringency, which resulted in real signal being removed by random chance that a loose alignment could be formed between the upstream sequence and the tail sequence of the TS oligonucleotide. Although the correlations between technical replicates are considered moderate, we demonstrated that we are able to identify TS artifacts, and the removal of these artifacts resulted in higher correlations between technical replicates.

### Effects of artifact filtering on differential expression detection

One of the core analyses conducted on transcriptome data is a statistical test that detects differential expression of transcripts. An observed difference is statistically significant only when the observed difference is greater than expected from random variation. Transcripts may be spuriously detected as differentially expressed owing to the introduction of experimental variations such as from using different barcodes. We tested this notion by conducting differential expression analyses using edgeR ([@gks1128-B33]) on technical replicated libraries before artifact filtering, after filtering and after randomly removing reads ([Figure 3](#gks1128-F3){ref-type="fig"}). Given that our analyses were carried out on technical replicates, we would expect to find very few tag clusters that are detected as differentially expressed. However, a fraction of tag clusters were detected as differentially expressed between technical replicates before filtering ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). In all cases, the removal of strand invasion artifacts decreased the number of differentially expressed candidates ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). Using an edit distance of four for barcode filtering, on average, we observed a roughly 10-fold decrease in the number of differentially expressed candidates. In contrast, removing random reads resulted in a slight decrease of 1.2-fold in differentially expressed candidates. Figure 3.Differential expression analyses were carried out between technical replicates made from different barcode sequences using edgeR. The scatter plots show the log-fold change (*y*-axis) against the log concentration (*x*-axis) for tag clusters present among the 14P technical replicates. In red are tag clusters that were detected as differentially expressed at an adjusted *P*-value ≤ 0.01. Three separate analyses were carried out: test for differential expression (**A**) before strand invasion artifacts were filtered out, (**B**) when random reads were removed and (**C**) after strand invasion artifacts were filtered out. By removing artifacts, fewer tag clusters were detected as differentially expressed compared with no filtering and removing random reads.

### Sensitivity and specificity of artifact filtering

We have experimentally prepared our libraries in such a way that we can identify TS artifacts. Using a set of nanoCAGE reads that were identified as TS artifacts (see 'Materials and Methods' section), i.e. true positives, we applied our filtering strategy to measure the sensitivity of the method. Reads not detected as artifacts in this set were considered as false negative. Using an edit distance metric of four, the average sensitivity was ∼94.3% across the entire data set; we could detect 125 357 of the 132 980 true positives ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)).

The specificity of a method gives an estimate of the number of false positives. This measure is important for quantifying the potential amount of signal that is removed due to the random chance that the upstream region of a read resembles the 3′ tail of the TS oligonucleotide. To determine a true negative set, i.e. not barcode biased, we selected reads with the lowest amount of variance between the technical replicates (see 'Materials and Methods' section), and if any of these reads were filtered out, they were considered false positives. Of the subset of reads we considered to be a true negative set (*n* = 135 613), on average 6.7% +/− 2.1 of these reads were considered false positives ([Supplementary Table S5](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). However, one should consider that even our true negative set may contain strand invasion artifacts, i.e. a false positive in the sense of being a true negative, and we only examined a small proportion of the total number of reads in a library; in reality, the false positive rate is likely to be much lower.

### Degree of bias from different barcode sequences

Strand invasion occurs during first strand cDNA synthesis, and successful hybridization depends on the degree of sequence complementarity between the cDNA and the 3′ tail of the TS oligonucleotide. Therefore, the number of TS artifacts becomes a function of the number of RNA molecules that contains sequence complementarity to the TS oligonucleotide. Barcode sequences that occur more prominently among RNA molecules would result in a higher number of TS artifacts. To test this hypothesis, we scanned the genome in a sliding window manner. Given that the last six nucleotides of the TS oligonucleotide are the most important for strand invasion ([Figure 2](#gks1128-F2){ref-type="fig"}), we tallied the number of all possible 6-mers that end in GGG (total of 64 6-mer combinations) across the human genome (hg19) on both strands. For the sake of simplicity and owing to a lack of a complete transcriptome, we chose to tally this number across the genome as opposed to a defined transcriptome. We previously defined a set of TS artifacts by examining technical replicates made with different barcodes and used this number as an estimate of the number of TS artifacts. We then calculated the Spearman's rank correlation coefficient between the number of TS artifacts and the tallied number for the 6-mer that corresponded to the sequence at the end of the TS oligonucleotide. As expected, a positive correlation (Spearman's rho ∼ 0.67) was observed ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)), which supported the hypothesis that choosing a barcode sequence, which is present more often in the genome, leads to a larger number of strand invasion artifacts.

### An experimental strategy for suppressing artifacts and barcode bias

Our results have suggested that first strand cDNAs with regions of sequence complementarity to the last six nucleotides of the TS oligonucleotide are potential sites for strand invasion. Given this information, intuitively it is expected that if the last six nucleotides of the TS oligonucleotide occur more frequently amongst RNA molecules, there would be a higher number of TS artifacts. We established this hypothesis that barcode sequences that are present more frequently in the genome have more strand invasion artifacts ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). So to suppress the number of artifacts, one should select barcodes less frequent in the genome. We have also observed that barcodes that end with a guanosine, thus creating a sequence tail of four guanosines in the TS oligonucleotide, have much higher number of TS artifacts ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). Furthermore, at transcriptional starting sites, libraries made with a barcode ending with a guanosine have much higher counts of certain transcripts compared with barcodes that do not end with a guanosine ([Figure 4](#gks1128-F4){ref-type="fig"}); this type of bias cannot be mitigated by our artifact filterer. To suppress this barcoding bias, it is necessary that the sequence directly upstream of the riboguanosines is standardized, a strategy similar to standardizing the adaptor sequence in ligation-based barcoding ([@gks1128-B18]). Additionally, our strategy for the choice of a standard spacer is one that occurs less frequently in the genome. Thus, we can potentially suppress the extent of strand invasion and systematically remove the barcode bias effect. Figure 4.Barcode bias in nanoCAGE technical replicated libraries. The choice of barcode sequence can affect the read count pertaining to the transcriptional starting site. Here, we show two examples for the genes DDX5 and HCLS1, where the read count fluctuates according to the barcode sequence and not by the sequencing depth or by the library. Libraries made with barcodes ending with a guanosine (shown in bold in the bar plot) have a much higher tags per million (TPM) count than barcodes that end with other nucleotides.

To test this strategy, we redesigned the TS oligonucleotide to include a 6-nucleotide spacer (GCTATA) directly upstream of the riboguanosines. We produced eight nanoCAGE libraries using eight barcodes from rat whole body RNA, i.e. technical replicates, and sequenced them on one lane on the Illumina GAIIx platform. We processed these libraries in the same manner as our blood nanoCAGE libraries and obtained around 8 million reads in total after processing ([Supplementary Table S7](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). Next, using the tag-clustering method previously described, we aggregated our reads and measured the pairwise correlations of each library; the average Spearman's rank correlation coefficients was ∼0.75 ([Supplementary Table S7](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)), a vast improvement to the blood nanoCAGE libraries. To investigate how much of the variance in the data is explained by sequencing noise, for each tags per million -normalized tag cluster, we calculated the mean and the exact 95% confidence intervals (CIs) for the mean assuming a Poisson distribution. For each tag cluster and the respective library expression, we tallied the number of times an expression value was inside the CIs; approximately 92% of the total expression values fall inside the 95% CIs. The nanoCAGE protocol is designed to work with few nanograms of total RNAs and require a relatively large number of semi-suppressive PCR cycle, which in addition to the Poisson noise, may account for points that fall outside of the 95% CIs. Semi-suppressive PCR allows the use of random primers, which can capture non-coding RNAs, but, however, shows suboptimal yields at each PCR cycles. Additionally, a second PCR reaction is needed to add sequencing adapters after the semi-suppressive PCR. In summary, although nanoCAGE can also identify non-polyA RNAs from low starting material ([@gks1128-B9]), it requires two PCR cycles, which may be a source of noise.

When we applied the filtering strategy on the libraries made with the common spacer, we found that on average 4.5% +/− standard deviation of 0.12 ([Supplementary table S7](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)) of the total reads were detected as putative TS artifacts compared with an average of 11.1% +/− standard deviation of 6.65 ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)) for the libraries made without the common spacer. By using a common spacer, all libraries had roughly the same number of putative artifacts, i.e. very low standard deviation, which is also lower than the number of putative artifacts detected in most libraries made without the common spacer. Although the older data set detected an average of ∼11%, the number of artifacts is highly dependent on the barcode ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)), which is the reason for a much higher strand deviation. For example, by using the GCTCAG barcode without a spacer, up to ∼25% of the reads were detected as artifacts. By using a common spacer, the biases will affect the same transcripts in the same way in different samples. This is particularly important when conducting differential expression analyses and because of this, it is not necessary to filter out putative artifacts. To test this, we performed a differential expression analysis on the common spacer libraries, and indeed none of the tag clusters were detected as significantly differentially expressed.

DISCUSSION
==========

The TS mechanism has been exploited in full-length cDNA library construction owing to its technical simplicity ([@gks1128-B6]), in transcriptome analyses due to its ability to mark the 5′ end of a RNA molecule ([@gks1128-B9]) and its flexibility in incorporating DNA barcodes for multiplexing ([@gks1128-B10]) and for incorporating DNA fingerprints for quantifying the absolute number of molecules ([@gks1128-B21]). Owing to the elimination of adaptor mediated steps, RNA material can be conserved, making TS an attractive choice when working with limited amounts of sample, such as with single cell type analyses ([@gks1128-B10],[@gks1128-B12]). Furthermore, the decreasing costs of DNA sequencing are driven by an increase of throughput in a constant number of sequencing lanes, which makes multiplex sequencing determinant for cost and time efficiency. Although TS has been used to incorporate barcodes during reverse transcription for multiplexing, one particular drawback of this approach is that the barcode sequences may skew the following reactions, in particular PCR, in favor of one sample. For this reason, strategies where the barcode is added at a last step are sometimes preferred, for instance in the protocols of Illumina's TruSeq product line. Nevertheless, this has the drawback that samples cannot be pooled as early as with TS, which increase the work load and cost of the experiment. In addition, because these two methods of barcoding are directed at different parts of the library constructs, they can be used together to implement combinatorial multiplexing. By combining two barcodes together, the index diversity is greatly increased, and this allows the unique labeling of all transcripts in a sample ([@gks1128-B38]). This approach takes advantage of the very high throughput of current sequencers, which can also be applied to labeling several thousands of low complexity single cell libraries.

Here, we have characterized and investigated a source of bias that is inherent to TS: the production of spurious, sequence-specific reads owing to strand invasion and different hybridization rates as a consequence of choosing different barcodes. We have shown that the extent of strand invasion depends highly on the sequence of the TS oligonucleotide, especially the last six nucleotides. All oligonucleotides in the reverse transcription reactions can interrupt the first-strand cDNA synthesis by strand invasion, and we have previously observed oligo-dT primers being template switched at the 5′ of T-rich regions of the mRNAs (data not shown). This strand invasion becomes more problematic when different sets of TS oligonucleotides are used to barcode specific samples, as this subjects the samples to different degrees of bias. In these multiplexed libraries, the strand invasion artifacts will produce sample-specific signals, which will can wrongly suggest correlations or in contrary mask the similarity between related samples. For example, samples using two barcodes that end in the same six nucleotides may artificially cluster together irrespective of the sample condition. Even in non-multiplexed libraries, strand invasion produce shortened cDNAs that can systematically bias expression levels and create artifacts that do not reflect the transcriptome. We compared two different RNA-Seq protocols, one using TS (and with the same multiplexing strategy as nanoCAGE) ([@gks1128-B10]) and another by conventional RNA fragmentation on mouse fibroblasts and observed different coverage patterns ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). The transcript profile observed in the TS RNA-Seq protocol is likely a consequence of strand invasion. Moreover, we have also observed different transcript profiles in biologically replicated samples that were made from different barcodes ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). As we have demonstrated in our work, it is crucial to control strand invasion products especially with respect to introducing barcodes by TS.

It is possible to identify strand invasion products *in silico* and consequently have them removed. We have shown that by analysing the sequence upstream of where a sequenced read maps, artifactual reads could be identified with high specificity and sensitivity. Importantly, by removing such noise, replicated libraries made using different barcodes correlated better to each other. By performing a differential expression analysis on the filtered data sets, on average, a 10-fold decrease in the number of tag clusters called as differentially expressed was observed. The removal of strand invasion artifacts, which contribute to an increased variance among samples, is crucial in differential expression analyses using digital gene expression data such as CAGE and RNA-Seq. However, it is ideal to design an experimental protocol that limits as much as possible biases that are a consequence of the barcoding strategy ([@gks1128-B19]). We proposed a strategy, which we tested in the nanoCAGE method, by updating the sequence of the TS oligonucleotide by inserting a 6-nucleotide long standard spacer between the barcode and the ribo-guanosines. In addition, we chose a spacer sequence that had less potential for strand invasion. The main purpose of the common spacer is to ensure that any TS bias systematically affects all libraries in the same manner. We confirmed this by conducting a differential expression analysis on the libraries made with the common spacer, and indeed no tag clusters were detected as significantly differentially expressed ([Supplementary Table S7](http://nar.oxfordjournals.org/cgi/content/full/gks1128/DC1)). A potential downside to the common spacer approach is the addition of six more nucleotides to a sequenced read. However, when sequenced on a HiSeq instrument with the standard read length of 50 nucleotide, the resulting libraries can be aligned accurately with standard tools such as BWA ([@gks1128-B27]), as 35 informative bases are remaining after removing the barcode, the spacer and the linker. Alternative strategies could be conceived, and the spacer could be extended or replaced by a random sequence ([@gks1128-B21],[@gks1128-B39]).

We have described in this article an inherent problem that exists with the TS mechanism, which we could suppress by combining experimental and computational strategies; however, TS artifacts cannot be entirely abolished. What distinguishes the artifacts from *bona fide* full-length cDNAs is the presence of the remaining 5′ part of the mRNA as a possibly long tail in the mRNA/cDNA/oligonucleotide triplex. By using an experimental protocol called CAP Trapper ([@gks1128-B40]), which is used in CAGE protocols, it is possible to identify this triplex due to the presence of a 7-methylguanosine cap, therefore accurately identifying transcriptional starting sites as opposed to strand invasion products. This concept of combining TS and CAP Trapper has been shown to produce multiplexed libraries that capture promoters with high fidelity ([@gks1128-B41]). However, as this methodology requires additional preparation steps and is not favored in most TS protocols, where the starting material is limited such as in single cell analyses. Despite the remaining artifacts, our proposed strategy allows one to directly compare different samples, such as between normal and diseased samples. Given that TS is garnering interest again, as seen by the number of recent publications that have used TS, it is important that investigators become aware of TS artifacts. It is clear that more investigations are needed to fully understand the TS mechanism, especially with respect to the types of biases that could potentially be introduced.
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